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Introduction
Intravitreal (IVT) drug delivery of anti-angiogenic agents has revolutionized the care of patients with age-related macular degeneration (AMD), [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] diabetic macular edema, [15] [16] [17] [18] [19] [20] [21] and macular edema secondary to retinal vein occlusions. [22] [23] [24] [25] [26] [27] [28] However, these patients require frequent office visits to receive these injections, making it hard for many patients to comply with these therapies. [16] [17] [18] [19] [20] [21] 29 In addition, serious complications such as cataract, vitreous hemorrhage, retinal detachment, and endophthalmitis may occur secondary to IVT. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] Because of these limitations, various drug delivery systems have been proposed using a group of biodegradable and nonbiodegradable platforms to deliver anti-angiogenic drugs passively. [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] However, one limitation of these drug delivery platforms is that once implanted, they elute an unchangeable dosage of the drug and can be stopped only by explanting the device. 45 Moreover, some systems are confounded by the need to change the anti-angiogenic chemical properties (e.g., the change in anti-angiogenic properties required for them to bind to a polymer such as polyglycolic acid). 55, 56 There is neither a read out of the drug nor a way to regulate the dose short of device removal. [57] [58] [59] [60] Lasers have been used to release a drug from polymer to provide pulsed control with the same aforementioned shortcomings. [61] [62] [63] Electronic control of drug delivery for the eye has been pursued in the form of iontophoresis in which electrical current is used to drive transscleral diffusion of drug. 58, [64] [65] [66] [67] [68] [69] [70] [71] [72] However, this technique is potentially limited both by patient compliance and by the fact that only certain anterior parts of the eye are approachable.
Herein, we discuss the surgical procedure and biocompatibility of the first bioelectronic MicroPump (Replenish Inc., Pasadena, CA) developed for IVT drug delivery. This device is the first ocular implant that houses a rechargeable battery designed to be implanted in a manner similar to the current glaucoma drainage devices and to deliver a set volume of drug from its reservoir through a pars plana cannula into the vitreous cavity at preprogrammed periods of time. [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] The MicroPump device is an example of the microelectromechanical systems (MEMS) devices being investigated for the treatment of chronic ocular diseases. The MicroPump is designed to last probably more than 5 years before needing replacement; and will deliver multiple microdoses of a certain drug directly into the vitreous cavity such as anti-angiogenic therapy for AMD and steroid therapy for chronic uveitis. The device consists of a drug reservoir with a refill port, a battery, electronics, and an electrolysis chamber to precisely deliver the desired dosage volume when the formed gases (H 2 and O 2 ) generate pressure in the reservoir forcing the drug through the cannula then these gases recombine to form water when the pump is turned off. Battery and wireless inductive power transfer can be used to drive electrolysis. For all animal procedures, dogs were anesthetized with intravenous propofol (4-6 mg/kg), then intubated and maintained under general anesthesia with isoflurane gas (3%) and oxygen. The pupils were dilated with topical application of phenylephrine hydrochloride 2.5% and tropicamide 0.5% eye drops.
Materials and Methods

Animal Preparation
Animal Subgroups
Animals were randomly divided into two groups: the experimental group (n ¼ 11) and the control group (n ¼ 2). The experimental group received the MicroPump implant with follow-up exams for up to 1 year after surgery, while the control group received the MicroPump implant followed by explantation in the same setting (i.e., sham surgery) with follow-up for 3 months after surgery (Table 1) .
Ophthalmic Examination
One week before the implant surgery, all dogs had baseline ocular exams using slit-lamp biomicroscopy, tonometry, and indirect ophthalmoscopy. Clinical findings at each visit were graded according to a modified McDonald-Shadduck Ocular Scoring System. 83 All animals were scheduled for baseline optical coherence tomography (OCT) and fluorescein angiography (FA) imaging 1 week before surgery using a Cirrus HD-OCT Model 4000 system (Carl Zeiss Meditec, Inc., Dublin, CA). OCT acquisition protocols included retinal thickness and nerve fiber layer thickness change analysis at selected areas of the fundus.
MicroPump
This MEMS drug pump is designed to be implanted episclerally in the superotemporal quadrant. [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] The pump is custom contoured (13 3 16 3 5 mm) such that its front height is reduced (after implantation, this part of the pump is 9-mm posterior to the limbus). The MicroPump has two suture tabs for fixation on its anterior aspect. The materials of the pump that contact the ocular tissue include a titanium hermetic package on the bottom, a gold telemetry coil, a polycarbonate top surface to protect the pump, and a hybrid silicone-parylene cannula with suture tabs (Fig. 1) 
Implantation Tool
A custom microsurgical loading and implanting tool was engineered to hold the pump firmly without damaging its cannula or the pump body. 82 The reusable titanium tool can be locked once it engages the pump body. Once the pump is properly positioned, a button on the tool releases the pump and the tool can be removed. The smooth, cup-shaped docking platforms of the tool firmly hold the anterior aspect of the pump.
Surgical Procedure
The right eye was used for surgery in all animals in this study. Using sterile surgical instruments under the surgical microscope, a superotemporal conjunctival peritomy was performed followed by dissection of the underlying Tenon's capsule. A sizer tool with the Figure 1 . Schematic representation of the MicroPump implanted at the pars plana position. The green arrow points to the refill port, the red arrow points to a suture tab, while the blue arrow points to the pars plana cannula. 
The number in brackets indicates the number of animals subject to the corresponding procedure at that time point. exact shape and size of the MicroPump was positioned into the superotemporal area under the surgically created Tenon's capsule and conjunctival pocket for the purpose of creation of enough space for device implantation. 84 The MicroPump was then loaded into the custom loading tool. Once over the intended implantation site, the tool was gently unlocked, deploying the pump onto the scleral surface. The two islet suture tabs on the anterior edge were secured to the sclera 9 mm from the limbus using 8/0 Ethilon black monofilament (Ethicon Inc., Somerville, NJ). With the pump body in position, a sclerotomy was made 4 mm from the limbus with a 19-G microvitreoretinal blade (Alcon Laboratories Inc., Fort Worth, TX) and the cannula tip was introduced into the vitreous cavity. Once the cannula was visualized inside the vitreous cavity, the wings were sutured with 10/0 coated polyglactin Vicryl sutures through the islets in the wing structure. Once the device was properly secured, the conjunctiva and Tenon's capsule were closed in a single layer using 8/0 Vicryl sutures. All suture materials were purchased from Ethicon Inc.
For the control group, the MicroPump was introduced in the upper temporal quadrant of the eye, then sutured and the cannula was inserted into the eye at the pars plana site and sutured; all in a manner identical to the experimental group. The device was then removed, and the sclerotomy site and the overlying conjunctiva and Tenon's capsule were closed in a manner similar to the experimental eyes.
After surgery, 1 mL of dexamethasone sodium phosphate solution (2 mg/0.5 mL) and 1 mL cefazolin (100 mg/mL) were injected in the subconjunctival space. Postoperative treatment included topical neomycin/polymyxin/bacitracin ophthalmic ointment and prednisolone acetate suspension eyedrops (Pred Forte; Allergan Inc., Irvine, CA) four times daily for 5 days to the operated eyes in both the experimental and the control groups.
Follow-Up Exams
After surgery, ophthalmic examinations and imaging were conducted at the scheduled time points (1 week, and 1, 2, 3, 6, 9, and 12 months after implant). For the experimental group, the follow-up period was extended to 1 (n ¼ 2) and 3 months (n ¼ 7), and 1 year (n ¼ 2). For the control group, the follow-up period was extended to 3 months after surgery.
Euthanasia and Explantation
Euthanasia was performed by intravenous injection of pentobarbital (Beuthanasia-D; Schering Plough Animal Health, Omaha, NE). After euthanasia, the MicroPump devices were explanted from the experimental animals under microscopic visualization.
Light Microscopic Examination
Enucleated eyes were immersed in Davidson's fixative solution (two eyes from each group) overnight and then dehydrated in a series of graded alcohol solutions over the next 24 to 48 hours before paraffin embedding. Blocks were obtained from cuts through the whole-globe oriented perpendicularly to the optic disc. Sections 5-lm thick were obtained by microtome, stained with hematoxylin and eosin (H&E), and examined by light microscopy. Retinal regions four disc diameters below the optic disc were photographed at the same magnification and the retinal thickness in the right eye was compared with that of the left eye. The sclerotomy site in the operated eyes was evaluated for tissue ingrowth or cellular infiltration.
Immunohistochemistry
Enucleated eyes (two eyes from each group) were fixed in 4% paraformaldehyde for 2 hours. Following the removal of the anterior segment of the globe, eyecups were fixed further in paraformaldehyde overnight and then transferred to 25% sucrose solution for an additional 24 hours. Blocks were cut from the posterior eyecup four disc diameters below the optic nerve head and embedded in optimal cutting temperature compound with 2-methylbutane and dry ice. Cryosections (5-lm thick) were prepared at À208C, fixed in cold methanol for 15 minutes, rinsed in 1X phosphate-buffered saline (PBS) for 5 minutes, and incubated with 10% goat serum for 45 minutes at room temperature.
All antibodies were purchased from Abcam (Cambridge, MA). The primary antibodies were anticaspase 9 antibody (rabbit polyclonal were washed for 30 minutes with 0.1 M PBS and cover-slipped with mounting medium (Vectashield, Vector Laboratories Inc., Burlingame, CA) containing 4,6-diamidino-2 phenylindole (DAPI). Sections were then analyzed using a confocal microscope (LSM 510; Carl Zeiss, Inc., Thornwood, NY). Fluorescein isothiocyanate (FITC) staining was captured using the 488-nm argon laser. Texas red staining was captured using a 543-nm He-Ne laser. DAPI staining was captured using an 800-nm titanium sapphire laser. Immunofluorescence images were processed using Zeiss software (LSM-PC; Carl Zeiss Inc., Thornwood, NY). Negative controls were prepared by substituting the primary antibody with 10% normal goat serum in PBS.
Statistical Analysis
Data are shown as mean 6 SD. Comparison between means was conducted by running the paired t-test. Statistical significance was defined as P less than 0.05. All analyses were conducted using the SPSS 17.0 statistical package (SPSS Inc., Chicago, IL).
Results
Ophthalmic Examination and Imaging
The intraocular portion of the cannula was not in contact with the crystalline lens. Apart from grade-I conjunctival edema and hemorrhage in three eyes (two experimental and one control) and grade-I hemorrhage localized to the vicinity of the sclerotomy site (in all eyes), which resolved 2 weeks after the implantation surgery, no other adverse event was noted (Fig. 2) .
FA imaging showed no significant differences between the right eyes (experimental and control) and left eyes at any time during the follow-up visits, namely no retinal, optic disc, or choroidal structural changes. OCT measurements of the average retinal thickness, optic disc measurements, and nerve fiber layer thickness revealed no statistically significant changes at any time point during the follow-up period when the experimental eyes were compared with both the control eyes and the left eyes (Fig. 3) .
Histological Evaluation
Eyes submitted for H&E stain at different time points after surgery showed no major histopathological changes affecting the different ocular structures apart from a mild chronic inflammatory cell infiltration around the sclerotomy site with a thin band of fibrous tissue on the scleral surface (Fig. 4) . The retina did not show any toxic changes such as cell necrosis, vacuolation, nerve fiber layer changes, or retinal pigment epithelium degenerative changes that can be attributed to cell damage.
Eyes submitted for immunohistochemistry showed no significant staining differences between the right and left eyes (experimental and control; Figs. 5, 6).
Discussion
To our knowledge, other than the retinal prostheses, no bioelectronic devices have been implanted chronically in and around the eye. Unlike the retinal prostheses, which require a lot more power and do so more continuously, [85] [86] [87] the MicroPump turns on and off intermittently at the time of dosage. Also unlike the retinal prostheses, which have electrode arrays, the MicroPump has a cannula, a drug reservoir, and a pumping mechanism. Hence, although we can have some level of comfort that retinal prostheses are tolerated in and around the eye, it is certainly not evident that a bioelectronic MicroPump will also be well tolerated. Demonstration of the compatibility of an implanted ocular medical device is a difficult task, especially when many of the materials have never been used in and around the ocular tissue.
Before proceeding to the animal studies, the MicroPump materials underwent extensive biocompatibility testing in accord with International Organization for Standardization (ISO) 10,993 using in vitro and in vivo tests. The particular design and engineering of the MicroPump took into consideration the special curved geometry of the eyeball and the relatively small subconjunctival space for implantation. Microelectronics are not made on curved platforms, and this was a special challenge to make the base of the pump curved to match the contour of the eye wall. In addition, certain microelectronic and mechanical surfaces are rough and toxic and can mechanically or chemically degrade the eye tissue; hence, the MicroPump also had to take this constraint into its design.
The surgical implantation procedure and tool had to be designed to safely implant the MicroPump without damaging it. Unlike glaucoma setons, which are purely mechanical and can sustain a fair amount of pulling on the cannula and body, our MicroPump with its electronics and electronic sensors cannot be handled with as much force. The tool design had to take into consideration the handling requirements of the soft tissue surrounding the globe as well. The tool needed to have smooth edges at a certain angle so that it could easily slide back out of the pocket after the pump was placed in the implant area without being trapped or stuck in the surrounding tissue.
Moreover, our MicroPump is taller than the glaucoma setons [88] [89] [90] [91] ; and therefore, we had to contour the top surface to dramatically reduce the height of the front of the device, thereby reducing the risk of extrusion. This study further confirmed our engineering design as neither any of the MicroPumps partially or completely extruded nor there was any conjunctival thinning. As the human conjunctiva, especially in the elderly, is thinner than that of young dogs, we will have to finally verify this aspect of the MicroPump in human patients. Moreover unlike most glaucoma setons, 90, 91 our cannula is closed and only opens intermittently to deliver drug into the eye. This was confirmed by the fact that no fluid egress from the eye was seen and no blebs were observed in any of the implanted eyes. This bodes well as large filtering blebs, reported with glaucoma setons, have been associated with a greater incidence of endophthalmitis. 90, 91 It is important to note that the beagle eye is approximately 15% smaller in diameter than the human eye with a lens that is 50% thicker in size. 92, 93 However, these differences were acceptable, because we wanted to make a device with no likelihood of touching the crystalline lens.
Histology findings of minimal chronic inflammation and fibrous capsule around the MicroPump were expected. Such fibrous capsules are found around glaucoma setons and scleral buckles. Also, there was no evidence of fibrous ingrowth at the cannula insertion site. Fibrous ingrowth is an uncommon complication of glaucoma setons. [94] [95] [96] [97] We anticipated even less incidence if at all with the MicroPump, not only because of the meticulous surgical dissection of conjunctiva and Tenon's away from the sclerotomy site, but also because the cannula does not drain fluid, and therefore does not lead to hypotony, which has been associated with increased risk of epithelial ingrowth.
Our study has some drawbacks. First, the size of the study makes it too small to give a strong conclusion regarding the safety of the MicroPump in this animal model. However, this was a pilot study and further testing of the MicroPump is required in a larger study to support these data.
Second, the device was never activated during the study is one of the study limitations. Although our device met the acceptance criteria of biological risk assessment in accordance with ISO 10,993-1:2009 (cytotoxicity, sterilization, ocular irritation, subchronic toxicity IP 30 day toxicity, and implantation tests; data not shown), it is not known whether activation of a fibroblastic response around the device can incur from the electromagnetic field when the device is turned on, and hence the importance of further studies with the device on to evaluate this possibility.
Third, the cost of such technology to deliver drugs into the vitreous cavity may be a limitation when compared with the cost of IVT when using the regular syringe and needle. However, when dealing with patients with wet AMD as an example of the device application, monthly IVT needle injection presents a risk as well as a burden to patients. Potential serious risk associated with each IVT procedure includes traumatic cataract, retinal detachment, and endophthalmitis. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] Moreover, monthly treatment or monitoring, which may continue for a patient's lifetime, is a major burden to patients, their caregivers, and the healthcare system. On the other hand, our study of the efficacy of microdosing of Lucentis has shown comparable results to the full dose (unpublished data). Besides, novel emerging anti-vascular endothelial growth factor therapy that can be administered in microdoses are on their way to the market. Microdosage is expected to increase the safety profile of the administered drug, increases the interval between our pump refills, and hence improves the patient compliance with the refill procedure.
Fourth, it has been a concern that the pars plana clip may create a path for fluid drainage or fibrous/ epithelial ingrowth. However, our cannula design is essentially the same as the one used with Ahmed valve (New World Medical, Rancho Cucamonga, CA) designed for pars plana implantation. The latter did not show any of these adverse effects since its introduction in clinical use. [98] [99] [100] [101] [102] Moreover, our study did not show any of these complications either.
Fifth, one of the most common problems with implanted devices such as this would be conjunctival erosion over the device or the tube and we do not exactly know the actual incidence of such complications with our device as the number of animals that had the tube implanted for more than 3 months was only two so that the safety of the device related to such complications from this study is limited.
Last, the duration of our study may not be enough to test the long-term safety profile of a device that may be left in place for 5 years or so. Hence, further studies are required to assess the possibility of development of any complication after years of implantation of the MicroPump.
Finally, two questions may arise. First, whether a patch graft (e.g., preserved sclera) is needed to protect the sclerotomy site. However, we did not feel there was a need for that, as we did not see any conjunctival erosion in our study. Furthermore, the sclerotomy site is away from the limbus and not exposed to much eyelid rubbing as seen with setons.
Second, it is still an unproven assumption that drug delivery to the posterior segment of the eye is better with needle injection compared with drug infusion through a pars plana device based on drug delivery deep into the vitreous gel. However, the MicroPump can assure a steady state concentration of the drug in the vitreous cavity (data not shown), as well as allowing repeated microdosing of the drug while avoiding the aforementioned complications associated with repeated needle injections.
Conclusion
The implantation of a novel bioelectronics MicroPump for IVT drug delivery has been shown to be feasible and the safety data collected so far both clinically and pathologically in this pilot animal model are sound. Larger studies are required to test the safety of this pump over longer follow-up periods before testing both the safety and efficacy of this pump in patients.
